Introduction
Nerve conduction block by high-frequency (kHz) biphasic stimulation has been known for more than 70 years [16, 17] . This nerve block method has attracted greater attention in recent years due to its potential clinical applications to treat obesity [18] , restore urinary function after spinal cord injury [8, 21] , or suppress chronic pain of peripheral origin [6, 19] . However, the mechanisms underlying this high-frequency nerve block are not fully understood [24] .
Previous animal studies [2-4, 10-12, 21, 22] revealed that the nerve block can recover quickly within a second after termination of high-frequency biphasic stimulation. However, recent animal studies [13, 23] have also shown that high-frequency biphasic stimulation can cause a complete suppression or a change in shape of the compound action potential during a post-stimulation period ranging from seconds to minutes. Since both animal and computer simulation studies [13, 24] have shown that axonal conduction velocity is reduced following high-frequency biphasic stimulation, a suppression or change in the shape of compound action potentials could simply be due to slowing action potential conduction differently in different axons and not necessarily due to a conduction block. Therefore, previous studies [13, 23] by recording compound action potentials did not provide direct evidence that axonal conduction can be blocked by high-frequency biphasic stimulation during the post-stimulation period. The goal of this Abstract This study determined if high-frequency biphasic stimulation can induce nerve conduction block that persists after the stimulation is terminated, i.e., post-stimulation block. The frog sciatic nerve-muscle preparation was used in the study. Muscle contraction force induced by low-frequency (0.5 Hz) nerve stimulation was recorded to indicate the occurrence and recovery of nerve block induced by the high-frequency (5 or 10 kHz) biphasic stimulation. Nerve block was observed during high-frequency stimulation and after termination of the stimulation. The recovery from post-stimulation block occurred in two distinct phases. During the first phase, the complete block induced during high-frequency stimulation was maintained. The average maximal duration for the first phase was 107 ± 50 s. During the second phase, the block gradually or abruptly reversed. The duration of both first and second phases was dependent on stimulation intensity and duration but not frequency. Stimulation of higher intensity (1.4-2 times block threshold) and longer duration (5 min) produced the longest period (249 ± 58 s) for a complete recovery. Post-stimulation block can be induced by high-frequency biphasic stimulation, which is important for future investigations of 1 3 study using the frog sciatic nerve-muscle preparation was to answer the following questions: 1. Are neurally evoked muscle contractions blocked by high-frequency biphasic axonal stimulation during the post-stimulation period and 2. How is the post-stimulation block influenced by different stimulation parameters (intensity, duration, and frequency)? Muscle contraction force was recorded instead of recording the compound action potential in order to directly determine whether a nerve block occurred.
It is important to determine whether a post-stimulation block can be induced by high-frequency biphasic stimulation because the blocking mechanisms during post-stimulation period are also likely to be present during the stimulation. However, the large stimulation artifacts occurring during the stimulation that interfere with electrical recordings will be absent during the post-stimulation period, thereby providing a significant advantage for electrophysiological experiments to record the neural activity during the post-stimulation period and investigate the underlying mechanisms of nerve block. In addition, understanding the post-stimulation block induced by high-frequency biphasic stimulation could optimize the stimulation protocols and promote further clinical applications of this therapy [6, 8, 18, 21] .
Materials and methods
All protocols involving the use of animals in this study were approved by the Animal Care and Use Committee at the University of Pittsburgh.
The experiments were performed on sciatic nerve-muscle preparations from 16 adult Xenopus laevis frogs. After the frog was euthanized by double pithing, the right sciatic nerve was exposed and cut at the location close to the spinal cord. Then, two stimulation electrodes (Stim.A and Stim.B in Fig. 1 ) were placed around the exposed sciatic nerve. Stim.A was a bipolar hook electrode to deliver electrical pulses (0.2 ms pulse width) at a low frequency (0.5 Hz) and induce muscle twitches. Stim.B was a tripolar cuff electrode (NCE113, MicroProbes Inc., Gaithersburg, MD, USA) to deliver the high-frequency (5 or 10 kHz) biphasic stimulation used to block axonal conduction and the 0.5 Hz muscle twitch. The low-frequency (0.5 Hz) stimulation was provided by a Grass S88 stimulator (Grass Technologies, RI, USA) via a stimulation isolator (SIU5, Grass Technologies, RI, USA). The high-frequency (5 or 10 kHz) biphasic signal was generated by a computer running a Labview program (National Instruments, TX, USA) and delivered via a stimulation isolator (A395, World Precision Instruments, FL, USA). The nerve-muscle preparation was immersed in Ringer's solution at room temperature (20-26 °C) . Multiple pins were inserted through the quadriceps and hamstrings muscles to fix the frog leg above the knee to the bottom of the recording chamber leaving the shank and ankle free to move (Fig. 1) . A thread tied on the foot was attached to a force transducer (FT03, Grass Technologies, RI, USA) to measure the muscle contraction force that was amplified (TBM4M, World Precision Instruments, FL, USA) with a gain of 1000, recorded on a chart recorder (TA4000, Gould, USA), and saved in a computer with a 12-bit precision via an analog-to-digital converter (PCI-6024E, National Instruments, TX, USA) with a sampling rate of 1000 Hz. The thread connecting the foot to the transducer had a baseline tension about 5 g force.
Initially, the intensity of the low-frequency (0.5 Hz) stimulation (Stim.A in Fig. 1 ) was gradually increased to induce a muscle twitch force slightly greater than 10 g force in order to avoid stimulation current spreading at a high stimulation intensity. Then, the high-frequency (5 or 10 kHz) biphasic stimulation (Stim.B in Fig. 1 ) was applied for 10 s at different intensities (1-10 mA) starting at 1 mA and with 1 mA increments to determine the minimal intensity (i.e., the block threshold) required to completely block the muscle contractions induced by the high-frequency stimulation at the end of the 10 s stimulation. Once the block threshold (T) was determined, the high-frequency biphasic stimulation of different durations (10 s, 1, 2, 3, 4, and 5 min) was applied at 1T or at an intensity ranging from 1.4 to 2T in an increasing order of the stimulation durations to block the 0.5 Hz muscle twitch and determine if a post-stimulation block was induced. A resting period of 2 min without stimulation was inserted after full recovery from the nerve block induced by each individual stimulation test. The experimental trial of serial stimulation tests was performed only once on each animal in order to eliminate the potential influence of repeated experimental trials. At the end of the experiment, a low-frequency stimulation (0.5 Hz, 0.2 ms) was applied to the nerve via a bipolar hook electrode at a site (Stim.C in Fig. 1 ) distal to the blocking electrode (Stim.B) during high-frequency block to confirm that the nerve conduction block only occurs locally at the blocking electrode (Stim.B).
Measurements from different animals under the same experimental conditions were averaged and reported as mean ± standard error in each figure. Statistical significance (p < 0.05) was detected by ANOVA followed by Bonferroni multiple comparison. Figure 2a shows the typical responses induced by 10 kHz biphasic stimulation (Stim.B) of different intensities, while the 0.5 Hz stimulation (Stim.A) was applied continuously. Prior to the start of the 10 kHz stimulation, the 0.5 Hz stimulation induced muscle twitches of relatively constant amplitude (Fig. 2a) . The muscle contraction responses induced by 5 or 10 kHz stimulation at different intensities consisted of an initial large-amplitude twitch followed by a tetanic contraction that gradually declined in amplitude over time (Fig. 2a) . The high-frequency stimulation at low intensity (1-2 mA) induced a strong muscle contraction that gradually declined during stimulation and became only an initial muscle twitch at the beginning of the stimulation as the intensity increased to 8-10 mA (see Fig. 2a ). The muscle contraction forces measured at the end of high-frequency stimulation (marked by the downward arrows in Fig. 2a ) were normalized to the maximal measurement at 1 or 2 mA intensity for either 5 or 10 kHz stimulation, and the normalized results are shown in Fig. 2b . A complete block of all nerve fibers could occur at the intensities above 4-7 mA (Fig. 2b) . However, the 10 kHz required a slightly higher minimum stimulation intensity (6-7 mA) than 5 kHz (about 4 mA) to completely block the muscle contraction responses induced by the high-frequency stimulation itself (Fig. 2b) . Note that when the large-amplitude muscle contractions induced by the high-frequency stimulation (at Stim.B) were completely blocked, the muscle twitches induced by the 0.5 Hz stimulation (at Stim.A) were also blocked ( Fig. 2a) .
Results
Nerve conduction block induced by high-frequency biphasic stimulation was confirmed at the end of each experiment by applying 0.5 Hz stimulation at a site (Stim.C) distal to the blocking electrode (Stim.B in Fig. 1 ) during continuous stimulation at the Stim.A site. Since the 0.5 Hz stimulation at Stim.C could still induce a muscle twitch after the high-frequency stimulation at Stim.B completely blocked the nerve conduction (see Figs. 2, 3) , the blockade was not caused by muscle fatigue or block of neuromuscular transmission. Therefore, it could only be due to a local nerve conduction block at the site of the blocking electrode (Stim.B). After termination of the 10 s highfrequency stimulation, the nerve conduction recovered quickly and the muscle twitch induced by 0.5 Hz stimulation reappeared within a second (Fig. 2a) , i.e., post-stimulation block was not induced.
However, significant post-stimulation block of nerve conduction was observed when the high-frequency biphasic stimulation lasted more than 4-5 min (Figs. 4, 5 ). In order to show different types of block recovery during an entire experimental trial, short periods (1-2 min) of highfrequency biphasic stimulation producing post-stimulation block are presented in Fig. 4a , b. After termination of the high-frequency stimulation, the recovery from post-stimulation block consisted of two distinct phases. During the first phase, a complete block was maintained and no muscle twitch could be induced by 0.5 Hz stimulation. This phase is termed the complete block period (Fig. 4a) . During the second phase, the muscle twitch induced by 0.5 Hz stimulation partially recovered (Fig. 4) . The total recovery period is defined as the post-stimulation duration required for the muscle twitch response to recover to 95 % of prestimulation level (Fig. 4a) . It is worth noting that the recovery occurred abruptly in 13 out of 16 animals (Fig. 4a) . A gradual recovery was only observed in 3 animals (Fig. 4b) .
A longer stimulation duration (4 min) can produce a much longer complete/partial post-stimulation block (Fig. 4c) .
The complete block period and the total recovery period were dependent on the duration and intensity of high-frequency biphasic stimulation (Fig. 5) . However, they were not dependent on the stimulation frequency since 5 kHz and 10 kHz stimulation produced similar post-stimulation block effects. Therefore, the results obtained from both 5 and 10 kHz stimulations were plotted together in Fig. 5 . At the threshold intensity (T) for producing complete block of nerve conduction, a longer stimulation duration did not significantly increase the complete block period (Fig. 5a ) or the total recovery period (Fig. 5b) . However, at a higher stimulation intensity (1.4-2T), these periods were significantly increased in duration by 4 or 5 min high-frequency stimulation (Fig. 5) . The complete block period was significantly (p < 0.05) increased from 4 ± 1 to 107 ± 50 s when stimulation duration increased from 10 s to 5 min (Fig. 5a ). The total recovery period was significantly increased from 9 ± 2 s to 176 ± 48 (p < 0.01) or 249 ± 58 (p < 0.001) 
Discussion
This study using a frog sciatic nerve-muscle preparation shows that high-frequency biphasic stimulation can induce nerve conduction block not only during the stimulation (Figs. 2, 3) but also during the post-stimulation period (Fig. 4) . The post-stimulation block is dependent on stimulation intensity and duration (Fig. 5) but not frequency. With high stimulation intensity and long stimulation duration, partial post-stimulation block can last for several minutes (Fig. 5) . These results are important for further studies to better understand the underlying mechanisms of nerve block induced by high-frequency biphasic stimulation.
Muscle contraction force instead of compound action potential was used in this study to demonstrate nerve conduction block. This method is based on the following considerations. During the post-stimulation period, the action potential induced by 0.5 Hz stimulation (Stim.A in Fig. 1 ) may conduct through the blocking electrode site (Stim.B in Fig. 1 ) with a different delay in axons of different size [13, 24] . Although the difference in conduction delay might be less than 1 ms, it could significantly suppress or change the shape of the compound action potential recorded at the location distal to the blocking electrode site. However, this small delay in action potential conduction should not change the muscle twitch force evoked by 0.5 Hz stimulation because the muscle contraction has a much longer time course than the delay of action potential conduction. While recording of compound action potentials might be a more sensitive measurement to indicate a post-stimulation effect on conduction velocity, the change in amplitude or shape of the compound action potential might not indicate that a nerve block actually occurred. Therefore, in this study, the muscle contraction force instead of the compound action potential was used to indicate the conduction block.
The results obtained in this study by recording muscle contraction agree well with previous studies that used recordings of compound action potentials [10, 13, 23] . In unmyelinated Aplysia nerves, the compound action potential completely recovered within 5 s after terminating high-frequency biphasic stimulation with durations ranging from 30 s to 2 min [10] . The recovery time was longer for a longer stimulation duration, but it was not dependent on stimulation frequency [10] . The short recovery period (<5 s) might be caused by the low stimulation intensity (close to the block threshold) used in this study [10] . In rat vagus nerve, high-frequency (5 kHz) biphasic stimulation of 1 min duration suppressed the compound action potential during the post-stimulation period for 6-20 min [23] .
Higher stimulation intensities induced a larger suppression of the compound action potential and longer recovery periods [23] . In frog sciatic nerve, high-frequency (10 kHz) biphasic stimulation of 5-60 s duration caused a change in shape of compound action potential during the post-stimulation period lasting up to 60 s [13] . This change was also dependent on stimulation duration and intensity [13] . The results from both previous studies and our current study indicate that the post-stimulation effect recovers more slowly for stimulation of longer duration or higher intensity. However, previous studies [10, 13, 23] only investigated the post-stimulation effect on compound action potential, while our current study provided direct evidence that post-stimulation block of neurally evoked muscle contractions did occur.
Currently, the mechanisms underlying the nerve block induced by high-frequency biphasic stimulation are not fully understood [24] . We presume that the same blocking mechanisms must be present before and immediately after terminating the stimulation. On the other hand, computer simulation analysis using both unmyelinated and myelinated axonal models shows that during the high-frequency biphasic stimulation, the potassium channels are constantly open [20, 24] , because the potassium channels have slow kinetics and cannot follow the alternating depolarization and hyperpolarization induced by the high-frequency biphasic stimulation. The constantly opened potassium channels can cause a nerve conduction block during the stimulation. Previous model analysis [24] also showed that the opened potassium channels close within 1 ms after terminating the high-frequency stimulation and a post-stimulation block does not occur. Closing the potassium channels during the 1 ms post-stimulation period can cause different conduction delays in axons of different size and therefore induce a suppression or a change in shape of the compound action potential [24] . However, previous modeling studies did show that high-frequency biphasic stimulation can induce pulsed sodium and potassium currents during the stimulation [20, 24] , which could increase the concentrations of intracellular sodium and extracellular potassium ions to cause a post-stimulation block and a slow recovery after terminating the stimulation. Unfortunately, the classical axonal models used in previous studies [7, 9, 14, 15, 20, 24] do not include the sodium-potassium pump or stimulation-induced changes in ionic concentrations and therefore failed to simulate the post-stimulation block. Additional modeling studies to include these factors are needed in light of the results from this study using the frog sciatic nerve-muscle preparation. Since the ion channel properties are different between amphibian (frog) and mammalian nerves, whether these potential mechanisms and/or the post-stimulation block phenomenon are the same in mammalian myelinated nerve still need to be determined.
It is worth noting that the threshold (T) for complete block of nerve conduction is about 4-5 times higher than the stimulation intensity that induced a maximal muscle contraction (Fig. 2) . Meanwhile, the intensity for inducing -stimulation block (1.4-2T) is also higher than the complete block threshold (T) (Fig. 5) . Based on previous model analysis [20, 24] , it is understood that a minimal frequency (>4-5 kHz) and a minimal intensity (T) are required in order to maintain the potassium channel open constantly and cause a block of axonal conduction. However, why does the post-stimulation block require an intensity higher than the block threshold? One possible explanation is that the post-stimulation block is maintained by the high concentrations of extracellular potassium or intracellular sodium ions that are accumulated during the stimulation. Such high ion concentrations can only be accumulated by stimulation with higher intensities (1.4-2T) that induce larger ion currents during each stimulation pulse. The larger currents would in turn induce larger changes in ion concentrations that could persist for variable periods after the stimulation. This interpretation may also explain why poststimulation block is not sensitive to stimulation frequency. With the same stimulation intensity and duration, a higher frequency (10 kHz) should produce a similar amount of total ion currents as the lower frequency (5 kHz) because the total durations for positive and negative pulses are the same. The results from this study are critical for designing further experiments to confirm or refute these proposals about blocking mechanisms. A possible animal experiment could be conducted in the future by measuring the extracellular potassium concentration using a microelectrode to determine if the change of potassium concentration is correlated with the period of post-stimulation block.
The abrupt recovery of nerve conduction instead of a gradual recovery is an interesting observation (Fig. 4a) , indicating that many axons must recover conduction at the same time. A previous study using rat vagus nerve has shown that the large (Aδ-fiber) and small (C-fiber) axons respond to high-frequency block very differently [23] . The large axons are more sensitive to the block than the small axons and also require a longer period to recover from the block. Therefore, it could be speculated that axons of the same size might recover conduction at the same time, resulting in the abrupt appearance of the muscle twitch (Fig. 4a) . This abrupt recovery could also be explained by the possible increase in intracellular sodium and extracellular potassium concentrations as mentioned above, because the time for the sodium-potassium pump to restore the ion concentrations will be the same for axons of the same size. More electrophysiological studies to record single nerve fiber activity are warranted in order to further understand axonal recovery from post-stimulation block.
Since muscle contraction force is used to indicate nerve block, only the myelinated A fibers in frog sciatic nerve responsible for sending action potentials to the muscles could be investigated in this study, while the small sensory C fibers were not investigated. The duration of post-stimulation block was monitored by a low-frequency (0.5 Hz) stimulation that induced a muscle contraction of about 10 g force, which probably only activated the relatively large A fibers in the sciatic nerve. The sciatic nerve was also transected centrally to eliminate input from motoneurons in the spinal cord. When high-frequency axonal block is induced in vivo with intact connections to the spinal motoneurons, it is possible that tonic activity originating in the spinal cord might influence the duration of poststimulation block. This could be tested in future studies by determining the effects of a range of low-frequency stimulation of the nerve at a site central to the block electrode.
The block threshold is defined as the minimal stimulation intensity required to completely block the muscle contractions induced by the high-frequency stimulation itself, not induced by the 0.5 Hz Stim.A (see Fig. 2 ). This is because conduction block cannot occur unless the highfrequency stimulation blocks the nerve firing induced by the stimulation. Note that at the block threshold, the highfrequency stimulation must have completely blocked all the motor axons to the muscle generating the recorded tension, because: (1) The block threshold is about 4-5 times higher than the stimulation intensity that induces a maximal muscle contraction (Fig. 2) ; (2) As the stimulation intensity increases, the high-frequency stimulation always excites a nerve fiber first before it can be blocked. Therefore, Fig. 2 shows that as stimulation intensity increases from low to high, the high-frequency stimulation first produces a full activation of the sciatic nerve and a maximal muscle contraction; then, it gradually blocks the nerve producing a low level of muscle contraction, and finally, it completely blocks all nerve fibers without producing any muscle contraction. Therefore, at the block threshold, the muscle twitching induced by the 0.5 Hz Stim.A is also blocked completely. It is worth noting that the post-stimulation block is determined by blocking the conduction of nerve activity induced by the 0.5 Hz Stim.A (see Fig. 4 ), although the block threshold is determined by blocking the high-frequency stimulationinduced tonic muscle contractions (see Fig. 2 ).
As shown in Fig. 3 when low-frequency electrical stimulation (0.5 Hz) was applied distal to the site of high-frequency stimulation (10 kHz) which produced a complete block of axonal conduction and a completely relaxed muscle, the low-frequency stimulation still produced a normal muscle contraction indicating that neural and muscle mechanisms distal to the axonal block were normal and that neither muscle fatigue nor suppression of neuromuscular transmission contributed to the high-frequency block of contractions. Following longer duration blocking stimulation (1-5 min) the muscle remained unresponsive to nerve stimulation for many minutes after an initial transient contraction suggesting that similar mechanisms contribute to the axonal conduction block during and after stimulation.
Only 5 and 10 kHz were investigated in this study. The rationale for choosing these two frequencies is: (1). 5 kHz is the minimal frequency known to block nerve conduction in previous studies [4, 16, 17] ; (2). 5 kHz and 10 kHz were used in previous studies [13, 23] to investigate the post-stimulation effects on compound action potentials; and (3). Recent clinical applications have used 5 or 10 kHz [18, 19] . Therefore, we studied 5 and 10 kHz so that our results could be easily compared with previous studies of post-stimulation effects and at the same time be clinically relevant. It is worth noting that 5-10 kHz stimulation may also block axonal conduction in the brain [5] . However, deep brain stimulation at this high frequency is ineffective in suppressing movement disorders [1] ; thus, treatment of these disorders must depend on mechanisms other than axonal block.
Finally, this study shows that the post-stimulation block is reversible (Fig. 4) , indicating that high-frequency biphasic stimulation probably induces a physiological change in the nerve rather than damage that should be irreversible. The reversibility and safety of high-frequency biphasic stimulation were also proven by its chronic application in human subjects to block the vagus nerve and treat obesity [16] . In addition, high-frequency nerve block has been recently applied clinically to treat post-amputation pain [19] . These results further emphasize the importance of the biphasic and charge-balanced stimulation waveform for a safe clinical application. Understanding post-stimulation block will be very useful to optimize the stimulation parameters for clinical applications to treat chronic pain.
Conclusions
In summary, the novel results in this study are: (1) the first demonstration of post-stimulation block of motor axons using direct measurement of neurally evoked muscle contractions rather than by recording compound action potential; (2) the first examination of the influence of stimulation parameters (intensity, frequency, and duration) on post-stimulation block. These results (Figs. 4, 5 ) are critical for understanding the mechanism of action of high-frequency-induced axonal block and focus attention on slow processes such as restoration of intra-axonal ion concentrations by ion pumps instead of short-lasting mechanisms such as depolarization/hyperpolarization. Our results are also important for designing effective clinical stimulation protocols because continuous stimulation might not be necessary for many clinical applications once we learn more about the properties of post-stimulation block.
